Abstract-In this letter, we describe the use of a germaniumon-silicon waveguide platform to realize an arrayed waveguide grating (AWG) operating in the 5 µm wavelength range, which can be used as a wavelength multiplexer for mid-infrared (midIR) light engines or as the core element of a midIR spectrometer. Ge-on-Si waveguide losses in the range 2.5-3.5 dB/cm for TE polarized light and 3-4 dB/cm for TM polarized light in the 5.15-5.4 µm wavelength range are reported. A 200 GHz channel spacing 5-channel AWG with an insertion loss/crosstalk of 2.5/3.1 dB and 20/16 dB for TE and TM polarization, respectively, is demonstrated.
I. INTRODUCTION

T HE mid-infrared (midIR) wavelength range (3-12 μm)
is of strong interest for spectroscopic sensing applications [1] . The main reason behind this interest is the fact that many gases have strong and specific absorption features in this wavelength range allowing non-contact detection of these gas species. The advent of quantum cascade lasers (QCL) and interband cascade lasers (ICLs) has enabled the realization of compact and relatively cheap mid-infrared coherent light sources based on epitaxially grown semiconductors, unlocking a broad range of applications. Typically, single wavelength distributed feedback (DFB) lasers are used, which can be thermally tuned over a narrow wavelength range. In order to extend the operational wavelength range of such mid-infrared emitters, arrays of such DFB devices have been realized, in which each DFB has a different emission wavelength [2] . In order to have access to this extended wavelength range in a single diffraction limited beam, a wavelength multiplexer should be used. Such multiplexers have been realized using free-space optical components [3] . However, in order to make a rugged, compact and cheap mid-infrared light engine, an integrated wavelength multiplexer that can be buttcoupled to the DFB laser array is of interest. On the other hand the spectroscopic analysis of midIR emission is also of interest in several applications. Also here, an integrated wavelength demultiplexer can be used as the core element of such a spectrometer. To realize such an integrated wavelength (de)multiplexer several waveguide platforms can be considered. For telecom wavelengths, silicon-on-insulator (SOI) is now a standard waveguide platform, which is mostly related to the fact that CMOS fabrication tools can be used to realize these waveguide circuits. However, it is known that beyond 3.8 μm, the SiO 2 buffer layer starts absorbing heavily [4] , which therefore limits the use of SOI for spectroscopic sensing applications to below 4 μm wavelength [5] . In recent literature, several waveguide platforms have been proposed for the midinfrared wavelength range as discussed in detail in [4] . There have been reports on germanium-on-silicon waveguides [6] , free-standing silicon waveguides [7] and silicon-on-sapphire waveguides [8] . Germanium-on-silicon seems to be an interesting waveguide platform for the mid-infrared because of its compatibility with CMOS pilot lines and its relatively straightforward fabrication technique when compared with free-standing Si waveguides. Silicon-on-sapphire waveguide circuits can make use of a higher refractive index contrast compared to germanium-on-silicon, however the sapphire limits the transparency window to 5.5 μm. Given the large transparency window of germanium (up to 14 μm), the Ge-on-Si platform should allow implementing many optical functions over the complete mid-infrared wavelength range. Also, the lower index contrast on the germanium-on-silicon waveguide platform allows for a higher efficiency interfacing of the waveguide circuit with the outside world (i.e. QCL/ICL lasers). Therefore, in this letter we elaborate on the realization of germanium-on-silicon arrayed waveguide gratings as wavelength (de)multiplexers for the 5 μm wavelength range. While for the case where the AWG is used for QCL/ICL laser multiplexing only TM polarization operation needs to be considered, for the case of the midIR spectrometer both TE and TM polarization will be analyzed as a first step towards polarization insensitive operation.
II. GERMANIUM-ON-SILICON WAVEGUIDE PLATFORM
A 2 μm thick epitaxial layer of germanium is grown on an n-type Si(001) substrate at imec on 200 mm wafers by an atmospheric chemical vapor deposition system as described in [9] . Since there is a lattice mismatch of 4.2% between Si and Ge, the threading dislocation density (TDD) in the Ge layer is quite high. To reduce this TDD in the film, the grown germanium is annealed at 850°C for 3 minutes which results in a TDD of 10 7 cm -2 .
To define Ge-on-Si photonic integrated circuits, a Ti/Cr metal mask is defined by means of a lift-off approach using i-line contact lithography. The lift-off process introduces a roughness on the waveguide sidewalls, as can be seen in the scanning electron microscope image in Figure 1 . This is however not detrimental for the operation of the devices as will be shown in this letter. Normally, a resist or a dielectric mask would be preferred to define patterns but since the etching chemistry used for germanium etches these masks at a faster rate, a metal mask is to be used. The dry etching of germanium is carried out in a CF 4 /O 2 plasma, followed by an HF dip to remove the metal mask. The waveguides are etched completely through the 2 μm thick germanium device layer and are air clad. The waveguide structures were cleaved after thinning down the silicon substrate to 400 μm.
III. AWG DESIGN
An AWG consists of two slab regions (known as free propagation regions (FPRs) or star couplers) and an array of waveguides with a constant length increment between them (known as delay lines). When light enters the input star coupler through a waveguide, it diverges and gets coupled in the array of waveguides. The length difference L between two consecutive waveguides is such that the optical path length difference is equal to an integral multiple of the central wavelength (λ c ) of the (de)multiplexer ( L = mλ c /n eff , where m is the diffraction order and n eff is the effective index of the mode in the array waveguide). The free spectral range (FSR) of the (de)multiplexer is given by λ 2 /(n g L), where n g is the group index of the mode in the array waveguide. By placing the output waveguides at the output star coupler, spatial filtering of wavelengths can be achieved. More details about the basic theory of AWGs can be found in [10] . Details on the specific design strategy used in this work can be found in [11] . We designed an AWG with 200 GHz (18 nm) channel spacing with five channels (146 nm free spectral range). The waveguide aperture was 4 μm while the waveguide pitch was 5 μm (the 1 μm gap between waveguides is limited by the i-line lithography). The AWG contained 36 waveguides arms and the path length difference between the delay lines was 46 μm. For the waveguides used in the array, which were broadened to a width of 4 μm in order to minimize the phase noise which could arise from side wall roughness, the effective index was 3.52 for TE polarization and 3.49 for 
IV. MEASUREMENT SETUP
A schematic diagram of the measurement setup is shown in Figure 3 . Light was coupled from a widely tunable quantum cascade laser (Daylight Solutions) in a single mode Indium Fluoride fiber (IRPhotonics) using a chalcogenide aspheric lens (Thor Labs). A MgF 2 Babinet-Soleil polarization controller was used to choose the desired polarization in fiber. The output power of the laser is 60 mW of which 7.5 mW is coupled in the fiber at 5.3 μm. The cleaved end of the fiber was mounted on a piezo-driven xyz stage to align accurately with the input taper waveguide. The insertion loss from fiber to tapered waveguide, found by comparing the tip-to-tip transmission with transmission through a straight waveguide, was found to be approximately 7.5 dB for both polarizations. Light from the output taper was collected again using a cleaved fiber mounted on a piezo-driven xyz stage and then coupled to an InSb detector. To improve the signal to noise ratio, the output of the detector was coupled to a lockin amplifier. For these measurements the laser was operated in pulsed mode at 100 kHz repetition frequency with a duty cycle of 5% and the trigger from the laser was used as reference for the lock-in amplifier. The laser and lock-in amplifier are addressed by software to scan the wavelength and record the corresponding output simultaneously.
V. WAVEGUIDE LOSSES
Waveguide spirals of different lengths (0.5 cm, 1 cm, 2 cm and 3 cm) were fabricated. The waveguides were 2.2 μm wide providing single mode operation in the 5−5.4 μm wavelength range for both polarizations. We simulated the bend losses using a full-vectorial eigenmode expansion tool FIMMWAVE in these Ge-on-Si waveguides and found that a radius of 100 μm is large enough to avoid any bend losses. The waveguide losses were measured using a cut-back method. Figure 4 shows the waveguide losses at a fixed wavelength of 5.4 μm for TE and TM polarization while Figure 5 shows waveguide losses in the range of 2.5-3.5 dB/cm for TE polarized light and 3-4 dB/cm for TM polarized light in the 5.15-5.45 μm wavelength range. These low losses are related to the thick germanium waveguiding layer which reduces the overlap of the optical mode with the defective Ge/Si interface. Figure 6 (a) and Figure 6 (b) show the normalized transmission spectrum of the 5 × 200 GHz channel spacing AWG for TE and TM polarized light respectively. The measured spectra are normalized with respect to a straight waveguide containing two tapers for in and out coupling and a single mode waveguide of length 0.5 cm present next to the device. This normalization is carried out in order to eliminate the coupling loss from fiber to waveguide and analyze the performance of device itself. For calibrating the polarization, we adjusted the Babinet-Soleil compensator for each measurement of a channel transmission such that the transmission peak due to the orthogonal polarization was minimized. The side lobe cross-talk is around 20 dB for TE polarization and is around 16 dB for TM polarization. The polarization dependent shift in peak wavelength of channels is found to be 51 nm. To calculate the insertion loss of the device, we did a fit of the central channel with a gaussian function as shown in Fig. 6 . From this fit, an insertion loss of −2.5 dB is found for TE polarized light and −3.1 dB for TM polarized light. These values of cross talk and insertion loss are comparable to the silicon-on-insulator AWG operating at 3.8 μm reported in [5] despite of the fact that the AWG reported in this letter is fabricated using i-line contact lithography which restricts the minimum definable feature size to 1 μm. For the application as wavelength multiplexer for DFB laser arrays the most important metric is insertion loss. Insertion losses in the range of 2 to 3 dB outperform the theoretically achievable insertion loss of light combiners e.g. based on multimode interference couplers (10log 10 5 dB = 7 dB), showing the potential of these devices for the low loss multiplexing of large arrays of DFB lasers. The 16-20 dB crosstalk is also promising for the use of such devices as integrated spectrometers, although the polarization dependent wavelength shift still needs to be minimized for proper polarization insensitive operation. One way of solving this problem is to employ a rib type waveguide and apply the methods as described in [12] . For fully etched devices, a Si cladding could be grown on a square shaped waveguide such that the effective index of TE and TM modes becomes equal and there is no polarization dependent shift.
VI. AWG MEASUREMENT RESULTS
VII. CONCLUSION
We demonstrate the use of AWGs as wavelength multiplexers on the germanium-on-silicon platform in the midinfrared for the first time. These devices can become enabling components for the realization of mid-infrared light engines and spectrometers that cover a wide wavelength range, are compact, rugged and cheap. This might pave the way to a whole new class of applications for spectroscopic sensing systems, which so far could not be addressed due to the lack of commodity versatile mid-infrared light engines and spectrometers.
